Environmental antibiotic risk management requires an understanding of how subinhibitory 25 antibiotic concentrations contribute to the spread of resistance. We develop a simple model of 26 competition between sensitive and resistant bacterial strains to predict the minimum selection 27 concentration (MSC), the lowest level of antibiotic at which resistant bacteria are selected. We to this antibiotic response curve shape and to the sc, indicating the importance of fitness 37 differences between strains for determining the MSC. The MSC can be more than one order of 38 magnitude lower than the MIC, typically by a factor sc κ
Introduction 42
Effective management of antibiotic risks in the environment requires an understanding of the 43 factors responsible for the emergence, transmission, and maintenance of antibiotic resistance (1). 44
It is particularly important to address the question of when resistant bacteria predominate as a 45 result of environmental antibiotic pollution (1-5). For example, insights are also needed into the 46 extent to which antibiotics in aquatic environments contribute to the spread of resistance, and to 47 the long-term prevalence of resistant infections in humans (2, 5). 48
The mutant selection window (MSW) paradigm states that resistant mutants may develop between 49
the lowest boundary concentration of selection for resistance, and the upper boundary 50 concentration of growth inhibition of the most resistant potential mutant (the mutant prevention 51 concentration, MPC) (6, 7). The paradigm further indicates that the lower boundary concentration 52 of the MSW is the minimum concentration that inhibits colony formation (MIC, ng ml between the MIC and the MPC (7, 9, 10), but many laboratory and theoretical studies indicate that 56 resistant mutants can also be preferentially selected above the minimum selective concentration 57 (MSC, ng ml −1
Theory 107
We develop a simple analytical expression of the ratio between the MSC and the MIC for a 108 sensitive strain (i.e., MSC/MIC), which mathematically describes the factors that determine risks 109 of subclinical antibiotic concentrations (11, 12). The model is based on the competition between 110 two bacterial strains: a wild type sensitive strain, and mutant strain that is more resistant. 111
Model derivation for net growth rate 112
At a given antibiotic concentration a [ng ml 
]. 121
The absolute selection coefficient (σ) represents the loss in fitness of resistance-conferring genes 122 as the absolute difference in net growth rate between bacteria strains (e.g., sensitive vs. resistant) 123 in the absence of antibiotics (i.e., Nint,r = Nint,s + σ). The absolute selection coefficient (σ) is directly 124 related to the fitness cost (see supplemental material about the exact definition of fitness cost and 125 7 coefficient (σ) can be difficult, employing competition experiments with labeled strains and flow 127 cytometry (12, 16, 24) . Resistance-conferring mutations exhibit highly variable selection 128 coefficients in comparison to sensitive strains (24-27), with compensatory mutations often 129 reducing or reversing the fitness cost of resistance mechanisms (26, 28, 29) . For the purposes of 130 this model, we run simulations on the assumption that resistance-conferring mutations engender a 131 loss in fitness, resulting in lower growth rates relative to less resistant strains, i.e., σ < 0 in Eq. 2. 132
This assumption is supported in that the majority of single mutational events entail a loss in fitness 133 (24) . 134
The loss in net growth due to antibiotics can be described by a generalized Hill Equation ] is the maximum death rate due to antibiotic, EC50 [ng ml −1 ] is the antibiotic 138 concentration that achieves half of this maximum rate, and will thus increase with increased 139 resistance, and κ is the Hill coefficient, which gives an indication of how steeply Dab increases 140 near the MIC (31). For  = 1 in the range of antibiotic concentrations below the MIC, the death 141 rate increases roughly linearly. For a given strain, antibiotics with a high  value (> 1) will have 142 lower efficacy at sub-therapeutic levels, but higher efficacy at therapeutic levels above the MIC. 143
The opposite relation is true for antibiotics with low  values (19) as illustrated in Fig. 1A . 144
To determine kmax from growth and death rates, we note that kmax should correspond to the 145 difference between the maximum possible net growth rate (not limited by resource availability or 146 Competition between different bacterial strains is expressed by the difference in net growth rates. 158
According to the conceptual model described by Andersson and Hughes (11) and Gullberg et al. 159
(12), Ns > Nr at low antibiotic concentrations, but the greater sensitivity causes more antibiotic-160 dependent growth inhibition for the sensitive strain. As a result, at high antibiotic concentrations, 161
Nr > Ns, and the MSC is the point of intersection of the two growth curves (Ns = Nr) for which the 162 difference in net growth rate is zero (Fig. 1B-C 
htm). 240
We first evaluate the model by examining a key assumption and then comparing predicted growth 241 rates and MSC/MIC ratios to published data. We then examine model behavior and implications 242 for MSC/MIC ratio prediction. Finally, we perform a sensitivity analysis to identify the most 243 important parameters for predicting this ratio. 244
Effect of varying  and Nmin for sensitive versus resistant strains:
The analytical solution for Eq. 246 10 requires identical κ and Nmin for sensitive versus resistant strains. We evaluated the impact of 247 this assumption on model predictions by determining which strain-specific parameter values (i.e., 248 s, r, Nmin,s, or Nmin,r) were most important for predicting MSC. To achieve this, we performed a 249
Monte Carlo Simulation sensitivity analysis, detailed in the text and Table S1 (supplemental 250 material). In two simulations, the predicted value of MSC was obtained in Eq. 10, assuming 251 separate s, r, Nmin,s, and Nmin,r in Eqs. 5 and 6. To be robust to MIC ratio variations, the first 252 simulation had MICr = 1.5 x MICs whereas the second had MICr = 10 x MICs. In both simulations, 253
MSC was highly sensitive to s, (Spearman rank correlation coefficient,  > 0.8) but was 254 insensitive to Nmin, s or Nmin, r (|Spearman | ≤ 0.11). This much stronger influence of  than Nmin 255 is expected based on the fact that  is an exponential term (Eqs. 10, 11). MSC was also more 256 sensitive to s than r, and |Spearman | between s and MSC ( = 0.83) was more than twice || 257 between r and MSC ( = −0.39). When MICr = 10 x MICs, almost all variation in MSC was 258 explained by s ( = 0.97), with  = −0.09 for r. These results indicate that MSC will strongly 259 depend on s, the shape of the antibiotic dose-response for the sensitive strain. As a result, for 260 indirect estimation of MSC using Eq. 10, s should be well characterized experimentally. including Weibull, logit, logistic, and probit formulations. 285
As shown in Table 1 , the fitted  ranged widely across the nine compounds examined (0.7 to 10.5). (Fig. 4) , suggesting that the model is 304 appropriate to estimate the MSC/MICs ratio. The MSC/MICs ratio ranged across two orders of 305 magnitude from 0.006 to 0.66 (Table 1, supplemental material Table S3) . 306
Sensitivity analysis 307
For a sensitivity analysis, behavior of Eq. 10 was examined across reasonable parameter ranges to 308 examine sensitivity of MSC/MICs to fitness differences (sc), antibiotic resistance differences 309 (MICr/MICs), maximum growth rate inhibition (Nmin), and intrinsic growth rate (Nint,s), 310 respectively. Eqs. 10 and 11 indicate that MSC/MICs is primarily a function of sc and , but is also 311 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/176289 doi: bioRxiv preprint first posted online Aug. 15, 2017; the influences of sc and  on MSC/MICs. Specifically, increasing sc lowers the resistant strain 313 growth rate (Fig. 5A-B) , whereas increasing  increases the curvature of the sensitive strain growth 314 rate (Fig. 5B-D) , both resulting in increased MSC/MICs. As a result, modeled κ is strongly 315 associated with model predicted MSC/MICs. Thus, the Pearson correlation coefficient was very 316 high (r = 0.94) for the κ versus MSC/MICs results from Table 1 . 317 Nint,s also decreases MSC/MICs but this only exhibits a minor influence in the plausible parameter 327 range (Fig. 6C) . Finally, increasing Nmin also decreases MSC/MICs, but this is only sensitive when 328
Nmin approaches zero (Fig. 6D) . Nmin indirectly affects MSC/MICs by influencing the MIC versus 329 EC50 relationship (Eqs. S7 and S8 in supplemental material). 330 
as  decreased from 2 to 0.5, the MSC/MICs ratio decreased from typically a factor of 0.1 down 334 to less than a factor of 10 −4 , indicating that MSC values are very sensitive around  = 1. Especially 335 for low sc, slight decreases in  may correspond to steep declines in the MSC value (Fig. 6A) . 336
Discussion 337
This study model is a simple mathematical approach to describe the factors that will drive the 338 MSC, which is a relevant environmental threshold concentration for selection of resistant bacteria. antibiotic combination (Fig. 7) , largely due to variations in . This suggests a strong impact of 360 specific strains and growth conditions for selection, resulting in multiple orders of magnitude 361 differences among systems, and a need to understand how the antibiotic resistance dose-response 362 varies across antibiotic-contaminated environments (1), including water treatment systems, 363 agricultural waste pens, and natural waters and sediments (4, 42-45). 364
Though the model predicted the MSC/MIC well across the compounds examined, the model 365 inconsistently predicted ∆N among compounds. ∆N was predicted least well for KAN and STR, 366 both aminoglycosides. In these cases, the inability to fit ∆N well was due to the similarity of the 367 study-observed MSC versus the sensitive strain MIC (i.e., high MSC/MICs ratio). This amounted 368 to a sudden and dramatic shift from the low experimentally determined ∆N values (|∆N| < 0. 
40, 50)
. This temporary development of phenotypic tolerance occurs due to elevated production 378 of efflux pumps counteracting growth inhibition and killing at sublethal concentrations (49). In 379 cases of adaptive resistance, the MSC may not be much lower than the MIC. In such cases, the 380 MIC may be a reasonable proxy for the MSC, as is often observed clinically (7). 381
Experimental data are currently limited to a few species, strains, and antibiotics, possibly limiting 382 the generalizability of the model performance evaluation. Thus, future experimental work is 383 Investigation of varying initial ratios of resistant versus susceptible bacteria indicate no effect on 444 Table  665 S4. 666
